Lithium ionic conductivity of Li 0.5 La 0.5 TiO 3 has been studied using nuclear magnetic resonance ͑NMR͒ and admittance spectroscopy ͑AS͒ techniques. Spin-lattice relaxation and electrical conductivity relaxation are well described in terms of stretched-exponential correlation functions in the time domain of the form (t)ϭexp"Ϫ(t/) ␤ …, but showing different relaxation times scales ( 0 ϭ1.4ϫ10 Ϫ11 s from NMR and 0 ϭ10 Ϫ14 s from AS͒, and activation energies ͑0.15 and 0.4 eV, respectively͒. Different ␤ exponents, 1 from spin lattice relaxation and 0.4 from electric-field relaxation have been also deduced. A microscopic activation energy for lithium motion of 0.15 eV is deduced from both techniques. Discrepancies between both techniques are analyzed and discussed in terms of frequency-dependent correlation effects. ͓S0163-1829͑96͒00225-1͔
I. INTRODUCTION

Interest in Li
ϩ ionic conductors has increased in recent years due to their potential applications in solid-state batteries. Recently, high values of the ionic conductivity ͓10 Ϫ3 (⍀ cm͒ Ϫ1 at room temperature͔ have been reported for Li containing oxides Li 0.5Ϫ3x R 0.5ϩx TiO 3 with perovskite-related structure. [1] [2] [3] The maximum conductivity occurs for RϭLa and for xϭ0.07, its high values being due to Li ions partially occupying equivalent A sites of the ABO 3 perovskite structure. The presence of many vacant A sites facilitates Li ions to move easily through them.
Structure data and dc conductivity measurements have already been published, 2 however, to the best of our knowledge, nuclear magnetic resonance ͑NMR͒ measurements and a study of the frequency dependence of the conductivity to explore correlation effects among charge carriers have not been yet performed in these compounds. A combined NMR and electrical conductivity relaxation ͑ECR͒ study can be helpful in obtaining information about the dynamics of the transport process. Recently, Ngai 4 has presented a comparison between NMR and ECR measurements on Li glassy ionic conductors showing that, although stretchedexponential decays, (t)ϭexp"Ϫ(t/) ␤ …, account for the correlation functions of the relaxation process in both techniques, the exponents (␤) and the activation energies (E) for the correlation time () are different in each case. The relationship ␤ s E s ϭ␤ E ϭE a , where subscripts s and refer to NMR and ECR, respectively, experimentally established for glassy ionic conductors, has permitted obtaining a singleion microscopic activation energy (E a ) in which both techniques agree. In this paper we have investigated this relationship in samples with a 0.5 Li content per formula (Li 0.5 La 0.5 TiO 3 ). This constitutes a very attractive scenario since we are dealing with crystalline Li ion conductors and, unlike glasses, not much attention has been paid to the study of correlation effects in crystalline systems.
II. EXPERIMENTAL
Samples were prepared heating a stoichiometric mixture of high purity Li 2 CO 3 , La 2 O 3 and TiO 2 reagents at 120°C. The reacted power was pelleted and fired at 1350°C in air for several hours ͑5-11 h͒ and then quenched to room temperature. The metal molar ratio was determined by inductively coupled-plasma spectroscopy using a JY-70 PLUS spectrometer. Structure was verified by x-ray and electron diffraction.
The 7 Li NMR spectra were recorded with an SXP 4/100 Bruker spectrometer. The frequency used for lithium was 0 ϭ31.01 MHz that corresponds to an external magnetic field of B 0 ϭ1.87 T. The number of accumulations was selected between 100 and 200. In all cases, the signal-to-noise ratio was higher than 10. A /2 pulse of 2.4 s and a period between successive accumulations higher than five times the spin-lattice relaxation time (T 1 ) was used for each temperature. Experiments were made between 100 and 530 K. Determination of the T 1 values was carried out by using a classical ϪϪ/2 sequence. 5 When the intrinsic linewidth was higher than the inhomogeneity of the magnetic field, the spin-spin relaxation times (T 2 ) were deduced from a single pulse experiment:
5 if the line shape was Gaussian the 1/T 2 value was calculated as 0.6 times the full width at half height ͑FWHH͒, if the line shape was Lorentzian the 1/T 2 value was calculated as times FWHH. In intermediate cases, an average of the aforementioned values was used. When the intrinsic linewidth was of the same order or smaller than the field inhomogeneity, the determination of 1/T 2 values was performed by using the Meiboom-Gill modification the Carr-Purcell sequence:
1 JULY 1996-I VOLUME 54, NUMBER 1 54 0163-1829/96/54͑1͒/184͑6͒/$10.00 184 © 1996 The American Physical Society Ϫ͓() y Ј ϪϪ() y Ј ͔ n . 7 Li magic-angle-spinning ͑MAS͒ spectra were recorded using a MAS Bruker MSL/400 spectrometer at a spinning rate of 500 Hz.
Admittance spectroscopy was measured in the frequency range 20 Hz-1 MHz using an automatically controlled HP 4284A precision LCR meter, at temperatures comprised between 150 and 330 K. The samples were cylindrical pellets 5 mm in diameter and 0.7 mm thick on whose faces gold electrodes were deposited by evaporation. Measurements were conducted under an N 2 flow to ensure an inert atmosphere.
III. RESULTS AND DISCUSSION
A. Nuclear magnetic resonance "NMR…
The static 7 Li NMR spectra (Iϭ3/2), recorded at increasing temperatures ͓Fig. 1͑a͔͒, show only one line centered at the Li resonance frequency, that progressively narrows as temperature increases not showing the ͑1/2,3/2͒ transitions due to quadrupolar interaction of Li with its environment. 7 In order to exclude the presence of masked satellite peaks associated with these transitions the spectrum was recorded under magic-angle-spinning ͑MAS͒ conditions at room temperature ͓see Fig. 1͑b͔͒ . The absence of outer static transitions was thus confirmed concluding that Li occupies sites with small static quadrupole interactions, i.e., high symmetry sites.
At temperatures below 200 K the line shape is Gaussian and the linewidth is almost constant, indicating that interactions of Li with surrounding atoms are constant and Li remains at times Ͼ(͗⌬ 
where ប is the Planck's constant, ␥ I is the giromagnetic constant for 7 Li, Iϭ3/2 its nuclear spin, and r k is the distance between the interacting spins.
If only nearest-and next-nearest Li neighbors are assumed to contribute to line broadening ͓additional contributions represent only 5% of ͗⌬ 2 ͘ value͔, and assuming that lithium distributes randomly over the A positions of the perovskite structure, the former expression can be written as ͗⌬ IϪI 2 ͘ϭ2.92ϫ10
͑2͒
where Zϭ6 and ZЈϭ12 are the number of first-and secondnearest A positions surrounding an A site. Pϭ1/2 is the probability of occupation of sites A by Li and a is the distance in Å between adjacent A sites. Introducing the experimental second moment in Eq. ͑2͒, a value of aϭ3.7 Å is obtained, which is very close to the structural distance (a p ϭ3.8 Å͒ calculated from x-ray-diffraction experiments. At temperatures higher than 200 K, the line shape becomes Lorentzian and the linewidth decreases as a consequence of Li motion which induces a progressive cancellation of interactions of Li with its environment. In this case, the local fields are changing with time and only an averaged value is observed by nuclei. This phenomenon happens when the correlation time for Li motion is smaller than (͗⌬ 2 ͘) 1/2 ͑motional narrowing effect͒. From the variation of 1/T 2 vs 1000/T, plotted in Fig. 2 , an activation energy for Li motion E s ϭ0.15 eV has been calculated.
On the other hand, an activation energy of Li motion can also be obtained from analysis of 1/T 1 data. A plot of 1/T 1 values vs 1000/T is presented in Fig. 2 . At temperatures below 145 K, 1/T 1 values decrease slowly towards a plateau not shown in the figure. Above this temperature, 1/T 1 increases attaining a maximum at 320 K. Activation energies calculated at both sides of 1/T 1 plot yielded the same value, E s ϭ0.15 eV, which also coincides with that deduced from 1/T 2 measurements. The solid line in Fig. 2 
where ϭ 0s exp(E s /kT) is the correlation time, E s is the activation energy for Li motion, and C depends on the mechanism responsible for the spin-lattice relaxation ͑SLR͒ rate. Note that Eq. ͑3͒ is the result of the Li motion described by the correlation function (t)ϭexp"Ϫ(t/) ␤ …, with ␤ϭ1. The values of 0s and E s best reproducing experimental results are presented in Table I .
It is generally admitted that there are three major NMR mechanisms which cause SLR in ionic solids: ͑1͒ dipole relaxation, generated by fluctuating interactions between nuclear magnetic moments of atoms; ͑2͒ quadrupolar relaxation, due to the coupling between the nuclear quadrupole moment and fluctuating electric-field gradients ͑EFG͒ created at nuclear sites; and ͑3͒ paramagnetic relaxation, caused by coupling of the magnetic moments of nuclei and paramagnetic centers. If the SLR rate were dominated by the dipole interaction between lithium ions in Li 0.5 La 0.5 TiO 3 , the C value obtained from the fitting of the 1/T 1 experimental data (Cϭ7.4ϫ10 9 s Ϫ2 ) should be equal to C ϭ(2/3)͗⌬ IϪI 2 ͘, 7 where ͗⌬ IϪI 2 ͘ is the static second moment obtained from the spectra recorded at low temperatures. However, this expression yields a C value (Cϭ2.8ϫ10 7 s Ϫ2 ) which is two orders of magnitude lower than the one deduced from experimental data, indicating that other mechanisms must be responsible for the SLR rate. As quoted previously, the analysis of spectra does not reveal the existence of static quadrupole interactions capable of producing quadrupole splitting. However, fluctuating EFG associated with Li motion could induce quadrupole relaxation 7 of Li nuclei. In this case, CϷ(2 2 /5)C Q 2 , and the quadrupole coupling constant (C Q ) causing SLR should be Ϸ43 kHz, but the contribution to line shape of these fluctuating interactions should be averaged out by Li motions. Finally, another source that might explain the relaxation behavior is the existence of small amounts of paramagnetic impurities introduced by oxygen stoichiometry deviations observed by other authors in the same type of compounds.
1 In particular, assuming the existence of rapid spin-energy diffusion for the SLR rate, 9 the presence of 0.4% of paramagnetic centers would explain the observed C value. However, its contribution to the second moment of the spectrum would be only 2% from that experimentally determined at low temperatures and, therefore, very difficult to be detected from the spectrum analysis. Whatever the SLR is caused by paramagnetic impurities or by quadrupole interaction associated with charge fluctuations caused by Li motion, expression ͑3͒ would be valid and the same correlation times and activation energies would be deduced in both cases. On this basis, the temperature at which the maximum of 1/T 1 appears would be directly related to Li motion and not to the type of interaction causing the relaxation.
B. Admittance spectroscopy
The real part of the conductivity (), related to the imaginary part of the permittivity (Љ) through ϭЉ, is presented in Fig. 3 as a function of frequency for different temperatures. The rapid decrease of the conductivity at low frequency and high temperatures is caused by blocking of charge carriers at grain boundaries and electrodes, and shifts to lower frequencies when the temperature is decreased. Since the grain-boundary conductivity is slightly stronger activated than the bulk one, one can obtain information about the bulk free from the effect of blocking mechanisms in the available frequency window. The whole analysis presented in this paper has been conducted at temperatures lower than 235 K to avoid the above-mentioned blocking effects.
The plateau observed in conductivity plots can thus be ascribed to the bulk conductivity and a crossover occurs to a power-dependent regime. This dispersive behavior can be expressed as where dc is the bulk conductivity, p is the crossover frequency, both being thermally activated with the same activation energy, and ϱ is the high-frequency permittivity. The fractional exponent n is related to the degree of correlation among moving ions (n equals zero for a completely uncorrelated motion͒. This behavior has been widely observed in structurally disordered solid electrolytes and also in crystalline materials, and constitutes the main feature of the socalled ''universal dielectric response,'' 10 which appear as a result of a nonrandom hopping conduction mechanism.
The power-law dependence of the conductivity in the frequency domain seems to be linked to stretched-exponential decay functions in the time domain. It has been found empirically for many glassy ionic conductors, that the decrease of the electric field at a constant displacement vector can be well described by the Kohlrausch-Williams-Watts ͑KWW͒ function
where is thermally activated with the same activation energy as the dc conductivity, ␤ is associated with correlated ion hopping. Time response is customarily obtained from the dielectric modulus M *()ϭ1/*()ϭ j/*(), which can be expressed in terms of the time derivative of the decay function according to expression ͑6͒:
The modulus formalism is widely used in the analysis of complex admittance data because of its relative insensitivity to blocking phenomena and because it offers a convenient way to compare electrical conductivity relaxation ͑ECR͒ with spin-lattice relaxation ͑SLR͒ data. Figure 4 shows the imaginary part of the modulus for various temperatures; solid lines are fits to expression ͑6͒ following the method proposed by other authors. 12, 13 The high-frequency permittivity ϱ obtained from the fits had a practically temperature-independent value of (7.5Ϯ0.5)10
Ϫ12 F/cm, in good agreement with the one determined from the real capacitance at high frequencies and low temperatures. In the temperature range ͑179-235 K͒ where the modulus peak was observed, ␤ values close to 0.4 were obtained, showing a slight temperature dependence. ␤ and 1Ϫn values resulting from the fits to modulus and conductivity plots, respectively, are plotted together in Fig. 5 as a function of temperature. ␤ values agree with 1Ϫn suggesting that n and ␤ may be reflecting the same physical situation: they are different descriptions of the effect of correlation between moving species. A decrease is observed in 1Ϫn for temperatures lower than 180 K; no data points of ␤ are presented for this temperature range since its determination requires a well-resolved modulus peak in the available frequency window and below 180 K the peak is shifted to frequencies lower than 20 Hz, the low-frequency limit of the impedance analyzer used in this work. This decrease has been observed previously, 14 and it may be explained in terms of a transition to a strongly correlated regime in which ions behave more in a dipolelike fashion (n tends to 1͒ than as free carriers. In fact the spin-lattice relaxation rate ͑see Fig.  2͒ shows that the Li mobility is activated for temperatures higher than 180 K, the onset of the decrease in 1Ϫn. The study of this effect is out of the scope of this work and we have focused the discussion in the better known 1Ϫn close to the 0.4 regime.
Dc conductivity can be obtained fitting expression ͑4͒ to conductivity data or expression ͑6͒ to modulus data. From the fits of modulus data to expression ͑6͒ the dc conductivity can be calculated as 0 ϭ ϱ /͗ ͘ where ϱ is the highfrequency dielectric permittivity (7.5ϫ10 Ϫ12 F/cm͒ and ͗ ͘ is the mean relaxation time obtained as ͗ ͘ϭ͐ 0 ϱ (t)dtϭ ⌫(1/␤)/␤, where ⌫ is the Euler's gamma function. 13 An Arrhenius plot of the so-obtained dc conductivity data is presented in Fig. 6 . The same figure displays dc conductivity values obtained directly from conductivity vs frequency plot, in good agreement with those obtained from the modulus formalism. An activation energy of 0.4 eV is deduced for the dc conductivity.
C. Comparison of SLR and ECR data
The temperature dependence of the dielectric modulus and the impedance offers a direct way to compare electrical conductivity relaxation with spin-lattice relaxation data. The modulus is related to the Fourier transform of the time derivative of the decay function ͓denoted ⌽ ͑͒ hereafter͔ as quoted by expression ͑6͒. Since ⌽ ()ϭ j⌽ ()Ϫ1 and M *()ϭ jZ*() the impedance Z*() can be directly written in terms of the Fourier transform of the decay function:
On the other hand, the spin-lattice relaxation time 1/T 1 is connected with the spectral density function J(,T) through the following expression:
The general trends of 1/T 1 are much the same than those of JЈ(,T) and
where C(t,T) is the correlation function. Comparing NMR and ECR results usually consists of comparing the spectral shape of the decay function (t) and the correlation function C(t). And many examples exist in the literature in which both show stretched-exponential dependences of the form exp"Ϫ(t/) ␤ … but with different ␤ values and activation energies for the correlation time deduced from each technique. 4, 15 Figure 7͑a͒ shows the temperature dependence of the real part of the impedance at various frequencies together with the 1/T 1 curve. Impedance data have been extrapolated to obtain the curve ͑solid line͒ corresponding to a frequency of 31 MHz ͑NMR measuring frequency͒. The impedance curve so obtained can be compared with the spin-lattice relaxation data. The 1/T 1 curve has been displaced vertically to bring the maxima to coincide. It can be readily seen that the maxima occur at the same temperature in both cases. At the low-temperature side of the maximum ECR and NMR show practically the same activation, but in the high-temperature side they show a markedly different behavior: while impedance characteristics are strongly asymmetric, in agreement with the KWW dependence in the time domain, 1/T 1 data show a nearly symmetric characteristic. This agrees with the ␤ values of 0.4 and 1 obtained from ECR and NMR data, respectively. This result seems to support the idea proposed by several authors 16 4 This model is based on the assumption that at sufficiently short times the relaxation process occurs independently for each ion. The single-ion relaxation rate is activated with a microscopic activation energy E a which is related to the activation energy of the conductivity E through E a ϭ␤ E , and to the activation energy deduced from the spin-lattice relaxation E s through E a ϭ␤ s E s . In this way, a microscopic activation energy for Li motion of 0.16 eV has been obtained from ECR in good agreement with the 0.15 eV obtained from NMR. Interestingly, although both techniques yield practically the same microscopic activation energy, they show a remarkable disagreement in ␤ values (␤ and ␤ s ) and in activation energies for long-range motion (E and E s ) ͑see Table I for details͒. However, the relation ␤ s E s ϭ␤ E , proposed by Ngai, is confirmed to be valid in our case.
Another interesting fact is that ECR and SLR show also a marked disagreement in the correlation times deduced from each technique, see Fig. 7͑b͒ . While NMR yields a correlation time ͓ s ϭ 0s exp(E s /kT)͔ activated with 0.15 eV and 0s of 1.4ϫ10 Ϫ11 s, the relaxation time deduced from conductivity measurements as ϱ / ͓ ϭ 0 exp(E /kT)͔ is activated with 0.4 eV and shows 0 ϭ10 Ϫ14 s. This discrepancy has been observed previously in superionic glasses 14 and might be due to the fact that, while is obtained in terms of a dc conductivity, s is obtained from the SLR rate at the 31 MHz measuring frequency. In fact, if for the purpose of this discussion we define an ac relaxation time as ac ϭ ϱ / ac , ac being the ac conductivity at a given frequency, we can see that depending on the frequency there will be a temperature driven crossover from a dc to an ac regime. The activation energy changes from E at high temperatures to E a at the lower temperatures. See, for example, data of ac at 10 5 Hz in Fig. 7͑b͒ . Moreover, ac values at 31 MHz obtained by extrapolation using expression ͑3͒ are also presented in Fig. 7͑b͒ showing values relatively close to those obtained from SLR, and the same activation energy (E a ХE s ). The transition in the temperature dependence of the correlation time from the ac regime in low temperature to the dc regime in high temperature when one measures the conductivity in the appropriate time scale may provide a clue to understand the Li conductivity and to reconcile both techniques. Most likely, the origin of this crossover lies in the power-law frequency dependence of the conductivity caused by correlation among moving ions. Some models 18 have proposed that the effect of those correlations in the hopping conduction mechanism is that mutual interactions may force ions to backhop to their previous position after a hopping event. The experimental value of the ac conductivity is thus dependent on the time scale in the following sense: forwardbackward hopping sequences within the time window can be considered as ''unsuccessful'' hops. They do not contribute to the dc conductivity observed at low frequency but they contribute to the ac conductivity at a higher frequency ( f ) as far as they do not prove unsuccessful within a time interval of duration 1/f . Cooperative effects would be responsible for the increase observed in the activation energy for long-range ionic transport: while the short-range motion regime at high frequency is activated with E a , the dc motion is activated with E ϭE a /(1Ϫn). Although this behavior is accounted for by the empirical expression 4, an explanation for its ultimate physical origin is not possible within the frame of this work. It turns out that, at present, a direct comparison between the results obtained from both techniques is difficult, and as far as measurements are carried out at different frequencies both techniques should be considered complementary rather than equivalent.
